A lot of useful information is contained in the human breath gases, which makes it an effective way to diagnose diseases by detecting the typical breath gases. This work investigated the adsorption of typical lung cancer breath gases: benzene, styrene, isoprene, and 1-hexene onto the surface of intrinsic and Ni-doped single wall carbon nanotubes through density functional theory. Calculation results show that the typical lung cancer breath gases adsorb on intrinsic single wall carbon nanotubes surface by weak physisorption. Besides, the density of states changes little before and after typical lung cancer breath gases adsorption. Compared with single wall carbon nanotubes adsorption, single Ni atom doping significantly improves its adsorption properties to typical lung cancer breath gases by decreasing adsorption distance and increasing adsorption energy and charge transfer. The density of states presents different degrees of variation during the typical lung cancer breath gases adsorption, resulting in the specific change of conductivity of gas sensing material. Based on the different adsorption properties of Ni-SWCNTs to typical lung cancer breath gases, it provides an effective way to build a portable noninvasive portable device used to evaluate and diagnose lung cancer at early stage in time.
Introduction
Recently, the morbidity and death rate of lung cancer has been one of the most serious cancer, which greatly threaten the human's life and health [1] . According to the global statistics data released by International Agency for Research on Cancer of the World Health Organization [2] , there were 14.1 million new cancer cases, 8.2 million cancer deaths, and 32.6 million people living with cancer (within 5 years of diagnosis) in 2012 worldwide. Among them, the lung cancer case and mortality reached 1.8 million and 1.5 million. In addition, the lung cancer case and mortality have been rapidly increasing with the environmental pollution caused by modern urbanization and industrialization [3] . Although early diagnosis of lung cancer can effectively improve the cure rate of lung cancer [4] , the big size, high detection price, and complex detection process of current armamentarium, make it hard for early diagnosis in time to be popularized, missing the best time to find and cure lung cancer.
Breath gases detection is one novel noninvasive diagnostic method with distinct advantages in convenience, safety, and noninvasion compared to traditional detection methods [5] , making it a possible way to diagnose lung cancer by analyzing the gas composition and concentration of breath gases [6] . And breath gases detection method has been widely studied due to the great potential of application in screening and early diagnosis of cancer [7] . Phillips et al. proposed the idea using breath gases to diagnose lung cancer and screen out typical lung cancer breath gases [8, 9] . Currently, the methods used to analyze the VOCs of breath gases for lung cancer detection include proton-transfer reaction mass spectrometry (PTR-MS) [10] , selected ion flow tube mass spectrometry (SIFT-MS) [11] , gas chromatographymass spectrometry (GC-MS) [12] , and optical spectroscopy [13] . However, the shortcomings of the equipment, such as high price, slow speed, and poor portability, prevent its popularization. To overcome these shortcomings, gas sensors based a noninvasive portable device could be an effective way to diagnose lung cancer at early stage in time with the improvement of gas sensor's detection accuracy and chemical stability [14] . And nanomaterial is one of the most used materials used to prepare gas sensors due to its special electrical, chemical, and physical properties. It shows high sensitivity and selectivity to typical lung cancer breath gases by different material modification.
Because of the large specific surface area, small tip ratios, and high conductivity of carbon nanotubes, it has been widely used in the industrial, environmental, and medical detection as gas sensor [15] . Previous studies showed that SWCNTs are highly sensitive to most molecules upon functionalization. Lu et al. achieved the detection limit of 6 ppm for CH 4 using Pd-doped carbon nanotubes [16] . Penza et al. raised the detection limit of NO 2 and NH 3 to 100 ppb and 5 ppm with Au and Pt separately doped into carbon nanotubes [17] . Meng's group fabricated a new electrode using Pddoped SWCNT hybrid nanostructure for the nonenzymatic electrochemical detection of glucose [18] . In addition, Ni doping method has been one of most useful methods to enhance the gas sensing properties of materials. For instance, various previous studies have reported about its application in common environmental gases detection, including theoretical and experimental studies [19] [20] [21] [22] , while, until now, there is no study on Ni-SWCNTs sensors used to detect lung cancer by breath gases. In this study, we propose a novel way to detect typical breath gases of lung cancer: benzene (C 6 H 6 ), styrene (C 8 H 8 ), isoprene (C 5 H 8 ), and 1-hexene (C 6 H 12 ) by theory computation [23, 24] . The adsorption reactions for C 6 H 6 , C 8 H 8 , C 5 H 8 , and C 6 H 12 gases on carbon nanotubes are calculated based on density functional theory (DFT); the sensitivity of carbon nanotubes for these gases was analyzed. We found that Ni doping remarkably improves the response sensitivity and cross-sensitivity.
Computational Details
In the paper, all the calculations were based on Dmol 3 package in Materials Studio, a molecule dynamic simulation software. The intrinsic and Ni-doped (8, 0) SWCNTs models and breath gases gas molecules were built at this platform. In order to avoid interaction between adjacent carbon nanotubes, a periodic boundary model with lattice parameters 20Å × 20Å × 8.52Å was adopted in our work. The electronic structure calculations were carried out by spin-polarized density theory, and the PBE generalized gradient approximation (GGA) exchange-correlation function parameterized by Perdew et al. is employed to deal with the electronelectron exchange and correlation interactions. Moreover, the double numerical basis set plus polarization functions (DNP) are used. In order to ensure calculation accuracy, the energy threshold, maximum force, and self-consistent field convergence criteria were set as 2.72 × 10 −4 eV, 5.44 × 10 −2 eV/Å, and 2.72 × 10 −5 eV, respectively. Moreover, The Brillouin zone integrations are performed using a 1 × 1 × 2 Monkhorst-Pack mesh in calculations, which is shown to be a good approximation for (8, 0) SWCNTs.
Based on intrinsic (8, 0) SWCNTs, the Ni doping was employed by replacing one carbon atom with a Ni atom. The intrinsic SWCNTs, Ni-SWCNTs, breath gases (C 6 H 6 , C 8 H 8 , C 5 H 8 , and C 6 H 12 ) were relaxed, respectively, to find the lowest energy structure, which is shown in Figure 1 . Then a single breath gas molecule (C 6 H 6 , C 8 H 8 , C 5 H 8 , and C 6 H 12 ) was adsorbed on the surface of intrinsic SWCNTs and NiSWCNTs. We found that a significant improvement has been obtained by Ni doping compared to intrinsic SWCNTs, which is similar to the literature [19] .
The gas-surface interaction can be described using the adsorption energy ads . The adsorption energy ( ads ) of the molecules adsorbed on Ni-doped SWCNTs is obtained from ads = surface/gas − surface − gas .
( 1) surface/gas is the total energy of molecules absorbed on Pd-doped SWCNTs. surface represents the total energy of the carbon nanotube (intrinsic or Ni-doped SWCNTs) before adsorption. gas stands for the energy of isolated molecules. If ads < 0, the adsorption process is assumed to be exothermic and occur spontaneously. The topological charge density distribution is analyzed by the Mulliken population analysis [25] . The charge transfer between gas molecule and surface is calculated using (2), which is in great relation with change in electrical conductance of SWCNTs, and can provide important information about the electronic responses of the system. = adsorbed gas − isolate gas .
(2)
Results and Discussion

Geometric and Electronic Structures of SWCNTs, NiSWCNTs, and Lung Cancer Breath
Gases. We begin our study by analyzing the relaxed geometric structure of intrinsic, Ni-doped (8, 0) zigzag SWCNTs, and lung cancer gases, which can be compared with the adsorption structure to study the impact of gas molecule adsorption. As can be seen in Figure 1 (a), the bond lengths of C1-C2 and C1-C1 have the same value 1.44Å due to the symmetric structure, while the bond length of C1-C4 is 1.41Å, which is relatively smaller than that of C1-C2. The carbon atoms of SWCNTs are mainly built by sp 2 hybridization. Besides, a certain degree of sp 3 is formed cause of the bend of the hexagonal grid structure. That is, the chemical bonds have both sp 2 and sp 3 hybridization state at the same time, and these overlapped p orbitals were formed in highly delocalized carbon bond among the surface of carbon nanotubes. These bonds provide a basis for interacting with conjugated molecule by noncovalent bond. For the doping of individual Ni atom as described in side-view Figure 1(b) , the carbon atom C1 has been substituted by one Ni atom. After structural relaxation, we found that the single Ni atom evidently protrudes out of the tube wall because the radii of the Ni atom are larger than other carbon atoms [26] . The bond lengths Ni-C3 and Ni-C4 have been lengthened to 1.84Å and 1.76Å, respectively, forming a tripod-like structure.
Upon the lung cancer breath gases, C 6 H 6 is a planar molecule with all of the 12 contained atoms in the same plane. The C-C and C-H bond lengths are 1.76Å and 1.09Å, respectively, which is consistent with previous research [27] . C 8 H 8 is an organic compound with the chemical formula C 6 H 5 CH=CH 2 , which is one derivative of C 6 H 6 . C 8 H 8 is the monomer of polystyrene, and its derivatives are widely used polymers in organic light emitting devices (OLED) and field-effect transistors (FET) [28] . Williams et al. has studied the C 8 H 8 adsorption on the Ag (1 0 0) surface [29] . C 5 H 8 is considered one of the most abundant endogenous hydrocarbons present in human breath air, especially in the breath gases of lung cancer patients. It has been detected by infrared photoacoustic spectroscopy and proton-transferreaction mass spectrometry [25, 30] . C 6 H 12 is an organic compound with the formula C 6 H 12 . It is an alkene that is classified as alpha-olefin with double bond located at the alpha position, endowing the compound with high reactivity properties. structural relaxation optimization, the adsorption distance between C 6 H 6 and Ni atom is 2.35Å, which is distantly less than that between intrinsic SWCNTs and C 6 H 6 molecule. In addition, the adsorption energy and charge transfer have increased to −0.76 eV and 0.241 e. By comparison, Ni doping distantly enhances the adsorption properties of SWCNTs to C 6 H 6 molecule. According to the detection mechanism of gas sensors, the gas molecule must interact with gas sensing material if it needs to be detected. Therefore, the strong adsorption property between gas molecule and gas sensing material lays the foundation for gas the detection. In addition, the charge redistribution during gas adsorption will dramatically influence the conductivity of gas sensing material. Comparing with intrinsic SWCNTs, Ni-doped SWCNTs adsorption excites large electron transfer, leading to the change of conductivity of adsorption system. In the case of C 8 H 8 adsorption, the C 8 H 8 molecule trends to react with the vinyl of the C 8 H 8 . After full relax optimization, the energetically stable states have obtained with configurations depicted in Figures 2(b1) and 2(b2) . The react length has reached 2.56Å upon the molecule adsorbed on the intrinsic SWCNTs, which is obviously larger than that of Ni-SWCNTs adsorption length (2.01Å). The C 8 H 8 molecule is found to be weakly bound to the surface of the SWCNTs with a calculated adsorption energy of 0.047 eV, which is identical with the weak (0.004 e). Nevertheless, for molecule adsorption on surface of Ni-SWCNTs, the adsorption energy and have effectively increased to −1.163 eV and 0.023 e, respectively. Due to the enhanced adsorption interaction to the C 8 H 8 molecule, the molecule has deformed with the vinyl out of the C 6 H 6 ring of C 8 H 8 . According to the molecule adsorption structure, we conclude that the C 8 H 8 molecule is physisorbed onto the surface of adsorbent with little or no reconstruction.
Adsorption of C
The adsorption results of C 5 H 8 molecule on Ni-SWCNTs are presented in Figures 2(c1) and 2(c2) and Table 1 . The calculated lengths of C 5 H 8 adsorbed on the surface of adsorbent, intrinsic SWCNTs and Ni-SWCNTs are 3.72Å and 2.07Å, and is 0.002 e and 0.097 e. C 5 H 8 molecule prefers to adsorb with its carbon atom approach towards the carbon atoms of SWCNTs and Ni atom of the Ni-SWCNTs, the rest of the molecule position being parallel with the adsorbent surface. The long interaction distance indicated that the adsorption interaction is weak physisorption like the C 6 H 6 and C 8 H 8 adsorption. The further ads calculation also confirmed this point; ads of C 6 H 6 is by exothermic −0.021 and −1.098 eV. This weak adoption energy is not enough to break the covalent bond between hydrogen atom and carbon atom in C 5 H 8 molecule.
We also investigated the influence of Ni atom doping to the adsorption of C 6 H 12 ; the relaxed results are shown in Figures 2(d1) and 2(d2) and Table 1 . C 6 H 12 tends to bond with the adsorbent at the double bond site through carbon atom of C 6 H 12 . The optimized interaction length is about 2.94Å with interaction energy of −0.027 eV, which allow the C 6 H 12 molecule easy dissociation from the surface of intrinsic SWCNTs. Moreover, the C 6 H 12 molecule is hardly to arouse the charge redistribution of the surface charges due to the weak interaction energy and long distance. Upon the C 6 H 12 adsorption on the surface of Ni-SWCNTs, the adsorption energy and binding distance are −1.079 eV and 2.11Å with the Ni atom acting as the reaction site, which indicate the significant increment of physisorption. The gas adsorption triggered charge redistribution results in about 0.126 e transfer from C 6 H 12 molecule to the surface of NiSWCNTs, which is distinctly larger than that of intrinsic SWCNTs adsorption. partial DOS (PDOS) of gas adsorbed structures are calculated by DFT-PBE method with the Fermi level aligning at zero as depicted in Figures 3-6 . Although the DFT-PBE method underestimates the band gap to a certain extent, it still provides correct features of electronic structure in general. Due to its validity and feasibility, it has been widely used to calculate the DOS change of gas sensing system during the gas sensing process. According to the strong correlation between DOS and electrical conductivity, we analyze the change of conductivity through the change of DOS.
Electronic Structure of the Intrinsic SWCNTs and
As the change of DOS For C 6 H 6 sensing shown in Figures  3(a) and 3(b) , the TDOS near the Fermi level tends to be volatile especially below and above the Fermi level, where it is obviously decreased. The electrons are mainly located long above and below the Fermi level, indicating that only limited electrons can leap from valence band to conduction band. After single Ni atom is doped on the surface of SWCNTs, the DOS of Ni is distinctly enhanced because the metal Ni atom provides impurity level, which increases the electron transmission capability. When the C 6 H 6 molecule adsorbs on the surface of Ni-SWCNTs, part of the electron of C 6 H 6 transfers from gas molecules to Ni-SWCNTs, and these electrons are mainly located at the Ni atom doped site. As a result, the TDOS is uniformly distributed around the Fermi level, which effectively improves the conductivity by enhancing the electron transition probability.
Figures 4(a) and 4(b) show the change of DOS for C 8 H 8 adsorbed on intrinsic SWCNTs and Ni-SWCNTs. When C 8 H 8 molecules adsorb on the surface of intrinsic SWCNTs, the increase of DOS is mainly located below Fermi level, while it brings nearly no contribution to the electron distribution at or above Fermi level. In consequence, the conductivity of SWCNTs changes little during C 8 H 8 detection; namely, SWCNTs material is insensitive to C 8 H 8 . The metal Ni atom active site provides strong interaction with vinyl, leading to the electron transfer from C 8 H 8 gas molecules to NiSWCNTs. It is found that the DOS at the Fermi level obviously increases upon C 8 H 8 adsorption.
Similarly, the Ni doping method shows the same effect to the adsorption of and C 5 H 8 molecules as shown in Figure 5 . When single C 5 H 8 molecule adsorbs on intrinsic SWCNTs, the increased DOS is mainly distributed below the Fermi level, and the DOS at and above the Fermi level nearly does not change. When the target C 5 H 8 molecules approach and react with the sidewall surface of Ni-SWCNTs, the TDOS has distinctly increased at the Fermi level. Comparing the change of DOS for different gas molecules adsorption, the increment of TDOS for C 6 H 12 adsorption on Ni-SWCNTs is the least because of the weak interaction as shown in Figure 6 . Due to the change of conductivity, Ni-SWCNTs is proved to be an outstanding gas sensing material to detect the breath gases: C 6 H 6 , C 8 H 8 , C 5 H 8 , and C 6 H 12 .
Conclusion
An ab initio study has been presented to investigate the adsorption of typical lung cancer breath gases onto the surface of intrinsic and Ni-doped (8, 0) SWCNTs. The target gas molecules have been made to approach the adsorbent by diversity postures to find the most stable adsorption configurations. It is found that the adsorption of target gases is an exothermic process and occurs spontaneously. The adsorption energy, charge transfer, and DOS have been evaluated in this work.
According to the results, C 6 H 6 , C 8 H 8 , C 5 H 8 , and C 6 H 12 are adsorbed onto the sidewall surface of intrinsic SWCNTs by weak physisorption with nearly no charge transfer; thus SWCNTs are not suitable for breath gases detection of lung cancer. After the doping of Ni atom, the adsorption energy and charger transfer have distinctly increased with the corresponding DOS enhanced around the Fermi level, leading to the increase of conductivity of adsorption structures. Therefore, Ni-SWCNTs would be used to develop portable electrochemical sensor by detecting the typical lung cancer breath gases. Our finding will be helpful for future experimental study on metal doped SWCNTs systems for lung cancer diagnosis.
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